Gastrins, including amidated (Gamide) and glycine-extended (Ggly) forms, function as growth factors for the gastrointestinal mucosa. The p-21-activated kinase 1 (PAK1) plays important roles in growth factor signaling networks that control cell motility, proliferation, differentiation, and transformation. PAK1, activated by both Gamide and Ggly, mediates gastrin-stimulated proliferation and migration, and activation of ␤-catenin, in gastric epithelial cells. The aim of this study was to investigate the role of PAK1 in the regulation by gastrin of proliferation in the normal colorectal mucosa in vivo. Mucosal proliferation was measured in PAK1 knockout (PAK1 KO) mice by immunohistochemistry. The expression of phosphorylated and unphosphorylated forms of the signaling molecules PAK1, extracellular signal-regulated kinase (ERK), and protein kinase B (AKT), and the expression of ␤-catenin and its downstream targets c-Myc and cyclin D1, were measured in gastrin knockout (Gas KO) and PAK1 KO mice by Western blotting. The expression and activation of PAK1 are decreased in Gas KO mice, and these decreases are associated with reduced activation of ERK, AKT, and ␤-catenin. Proliferation in the colorectal mucosa of PAK1 KO mice is reduced, and the reduction is associated with reduced activation of ERK, AKT, and ␤-catenin. In compensation, antral gastrin mRNA and serum gastrin concentrations are increased in PAK1 KO mice. These results indicate that PAK1 mediates the stimulation of colorectal proliferation by gastrins via multiple signaling pathways involving activation of ERK, AKT, and ␤-catenin.
THE GROWTH-PROMOTING EFFECTS of gastrins, including amidated (Gamide) and glycine-extended (Ggly) forms, in the gastrointestinal mucosa have been well documented (15) . Previous studies have demonstrated that gastrins function as autocrine growth factors for colon-derived cell lines in vitro (3, 23) and in the colorectal mucosa in vivo (3, 27, 41) . Proliferation in the colonic mucosa was decreased in gastrin knockout (Gas KO) mice but increased in mice overexpressing progastrin or Ggly (27, 28, 41) . Similarly, exogenous Ggly stimulated proliferation of the defunctioned rectal mucosa in rats after colostomy (3) . Importantly, gastrins have also been implicated in the development of colorectal carcinoma. Mice overexpressing gastrins developed more aberrant crypt foci in response to the chemical carcinogen azoxymethane than their wild-type littermates (12, 36) , and the number of aberrant crypt foci in response to azoxymethane was also increased in rats infused with Ggly (3). Although a previous report showing that the transition from a normal to a hyperproliferative colonic epithelium in gastrin-overexpressing mice was associated with upregulation of several signaling molecules, including the phosphatidylinositol 3=-kinase (PI3K)/protein kinase B (AKT) and extracellular signal-regulated kinases (ERK) (14) in the colonic mucosa (16) , it is unclear how gastrins activate these signaling pathways.
The p-21-activated kinase 1 (PAK1), which is the bestcharacterized downstream effector of the small GTPases Rac and Cdc42 of the Rho family, plays important roles in a variety of signaling pathways involved in cell motility, proliferation, differentiation, and survival (5, 7, 39) . In addition to activation by Rac/Cdc42, PAK1 activity can also be stimulated by other signaling molecules, including PI3K (39), 3-phosphoinositidedependent kinase-1 (26) , and AKT (37) . PAK1 functions as a node involved in the activation of multiple signaling molecules, including ERK and ␤-catenin (6, 18, 24, 32, 35, 44) , and mediates the effects of many growth factors. For example, heregulin, a member of the epidermal growth factor (EGF) family, stimulated the migration, invasiveness, and anchorageindependent growth of breast cancer cells by enhancing PAK1 activation (1, 2, 40) . Hepatocyte growth factor induces epithelial cell scattering and migration through stimulating the phosphorylation and activation of PAK1 (8) .
PAK1 also mediates the stimulatory effects of gastrins in gastrointestinal cells. We have shown that both Gamide and Ggly stimulate PAK1 activity in gastric epithelial cells, and PAK1 activation is required for gastrin-stimulated cell proliferation and migration, and activation of ␤-catenin (19, 20) . These findings indicate that PAK1 mediates gastrin-stimulated cell proliferation and migration, and this mediation is in part via activation of the ␤-catenin pathway. However, the in vivo role of PAK1 in gastrin-regulated proliferation in the colorectal mucosa has not been investigated.
Recently, we have shown that a reduction of PAK1 expression in colon cancer cells decreased cell proliferation and migration/invasion both in vitro and in vivo and that this decrease was associated with reduced activation of ERK, AKT, and ␤-catenin (18, 24) . Taken together our findings suggest that gastrins stimulate cell proliferation and migration by activation of PAK1, which in turn activates multiple signaling pathways, including ERK, AKT, and ␤-catenin. Although PAK1 is overexpressed and hyperactivated in gastric and colon cancer (9, 31) , in vivo studies on the role of PAK1 in normal colon proliferation and its connection to gastrins have not been reported. The aim of this study was to investigate the role of PAK1 in the regulation by gastrin of the proliferation of colorectal mucosa in mouse models in which gastrin or PAK1 expression had been abrogated. Using Gas KO and PAK1 knockout (PAK1 KO) mice, the activation of ERK, AKT, and ␤-catenin, as well as the proliferation of colorectal mucosa, has been determined.
MATERIALS AND METHODS

Animals.
All mouse experiments were approved by the Austin Health Animal Research Ethics Committee. Gas KO C57Bl6 and wild-type C57Bl6 mice were sex matched, and 6 -10 mice of each experimental group (10 -20 wk old) were used in this study. PAK1 KO FVB/N and wild-type FVB/N mice were also sex matched, and 6 -10 mice in each group were used. Mice were maintained under standard conditions on a 12:12-h light-dark cycle with free access to water and food.
Isolation of colonic epithelial cells and western blot analysis. Colonic epithelial cells were isolated as previously described (30) . Mice colonic cells were isolated by shaking the entire everted colon and rectum in a buffer containing 2.5 mM EDTA and 0.24 M NaCl at 4°C overnight. Cells were lysed, and lysates were subjected to 10% SDS-PAGE. The proteins were transferred to Hybond-C-Extra nitrocellulose (Amersham Biosciences, Piscataway, NJ) and blotted with antibodies against either phospho-PAK1, total PAK1, phospho-ERK, total ERK, phospho-AKT, total AKT, ␤-catenin, c-myc, cyclin D1, or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The antiphospho-PAK1 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and the remaining antibodies were from Cell Signal (Genesearch, Melbourne, Australia). Band densities were quantified by densitometric analysis using Multigauge software (Fujifilm Medical Systems, Stamford, CT). GAPDH concentrations were used to correct for equal protein loading on gels.
Measurement of colorectal proliferation in the mouse model. Tenweek-old PAK1 KO and wild-type FVB/N mice were weighed before death and anesthetized by Forthane (isoflurane) inhalation before blood was collected by cardiac puncture. Colons and rectums were harvested, fixed, and paraffin embedded according to standard protocols. Sections of colon tissue were stained with hematoxylin and eosin to visualize the crypts for measurement of crypt height. Proliferation in the colorectal mucosa was also measured by staining for the nuclear protein Ki67 using anti-Ki67 antibody (Dakocytomation, Sydney, Australia).
Gastrin radioimmunoassay. The concentrations of Gamide and Ggly in serum and tissue extracts from stomach and colon of 10-wkold PAK1 KO and wild-type FVB/N mice were measured by radioimmunoassay as described previously (11) . Region-specific gastrin antisera were used to measure Gamide (antiserum 1296) and Ggly (antiserum 7270). The cross-reactivity of antiserum 7270 for Gamide is 0.07.
Quantitative real-time PCR. To determine the concentration of gastrin mRNA, the total RNA from the stomach of PAK1 KO and wild-type mice was extracted with TRizol (Invitrogen, Melbourne, Australia) and converted to cDNA using the Superscript III firststrand synthesis system (Invitrogen). The resulting cDNA transcripts were used for real-time PCR amplification with the ABI 7700 Sequence Detector (Applied Biosystems, Melbourne, Australia) and Taqman chemistry according to the manufacturer's instructions. Primer pairs for gastrin were 5=-CCG CAG TGC TGA AGA TGA G-3= and 5=-GGA GGT GGC TAG GCT CTG AA-3= (29) . Results were normalized to 18S RNA expression.
Stomach pH. Mice were fasted overnight before death. The whole mouse stomach was dissected, and the contents were flushed into a 5-ml tube with 2 ml saline. The pH of the stomach contents was measured with a pH meter.
Cell-based assays. PAK1 knockdown and negative control clones of the human colon cancer cell line DLD1 were obtained as described previously by transfection with plasmid DNAs encoding a shorthairpin RNA sequence to silence the PAK1 gene specifically, or with a scrambled sequence, respectively (24) . A simplified nomenclature is used in this paper, such that NC1 ϭ previous NC13; NC2 ϭ previous NC14; PAK1 KD1 ϭ previous IS2.23; and PAK1 KD2 ϭ previous IS2.11. The clones tested negative for mycoplasma and were cultured in RPMI medium or DMEM containing 5% FBS.
Cell proliferation was assayed by [ 3 H]thymidine incorporation. Cells were seeded in a 96-well plate at a density of 5 ϫ 10 3 cells/well in growth medium containing 5% FBS, and cultured at 37°C, followed by 24 h serum starvation. The cells were then treated with 10 nM Gamide (Auspep, Melbourne, Australia) or Ggly (Auspep) in RPMI or DMEM containing 1% FBS and 10 Ci/ml [ 3 H-methyl]thymidine for the time indicated in the text, and then collected with a cell harvester (Nunc, Roskilde, Denmark). The amount of [ 3 H]thymidine incorporated through DNA synthesis was detected with a ␤-counter (Packard, Meriden, CT).
Cell migration/invasion was determined using a modified Boyden Chamber assay (25) . Membranes (8 m pore; Becton Dickinson, Franklin Lakes, NJ) were coated with 3 g human fibronectin on the lower surfaces and placed in a 24-well plate containing 600 l/well of serum-free RPMI with 0.1% BSA. Cells (2-5 ϫ 10
were added to the upper chambers and incubated for 24 h at 37°C in a 5% CO 2 atmosphere with or without gastrins (10 nM). The cells on the upper surface of the membranes were removed by wiping with a cotton swab before the membranes were fixed and stained with Quick-Dip (Fronine, Sydney, Australia). The cells that migrated to the lower surface of the membranes were counted in 24 fields at 20 times magnification using a NIKON Coolscope (Coherent Scientific, Adelaide, Australia).
Statistical analysis. All statistics were analyzed by t-tests with Bonferroni's correction with the program SigmaStat (Jandel Scientific, San Rafael, CA). The results are expressed as means ϩ SE, and the statistical significance at P Ͻ 0.01 and P Ͻ 0.05 is indicated.
RESULTS
Gas KO mice have reduced proliferation in the colorectal mucosa (28) , and hyperproliferation in the colorectal mucosa of mice overexpressing gastrins is associated with upregulation of signaling molecules, including AKT and ERK (16) . In gastric epithelial cells, both Gamide and Ggly stimulate PAK1 activity, leading to the activation of ␤-catenin, and increased cell proliferation and migration (19) . PAK1 enhances colon cancer cell growth by activation of multiple signaling molecules, including ERK, AKT, and ␤-catenin (18, 24) . Furthermore, gastrin-stimulated cell proliferation, migration, and ERK activation in the human colorectal cancer cell line DLD1 are blocked by PAK1 knockdown (Fig. 1 ). These observations suggested the hypothesis that gastrins stimulate the proliferation of the colorectal mucosa by activation of PAK1, which in turn activates multiple signaling molecules.
Activation of PAK1, ERK, AKT, and ␤-catenin is decreased in the colorectal mucosa of Gas KO mice. To investigate the role of PAK1 in the proliferative effects of gastrins in vivo, the expression and activation of PAK1, ERK, AKT, and ␤-catenin in the colorectal mucosa of both wild-type (26) and Gas KO mice were determined by Western blotting. Expression was measured with antibodies against the total protein, and activation in the case of PAK1, ERK, and AKT with antibodies against the phosphorylated protein, and in the case of ␤-catenin with antibodies against the downstream targets c-Myc and cyclin D1. In the colon of Gas KO mice, both activation and expression of PAK1 were decreased to 40 or 60%, respectively, of the value for wild-type mice (Fig. 2, A and B) . The activation of ERK and AKT was also decreased in the colon of Gas KO mice (Fig. 2, A, C, and D) . The decreased activation of PAK1, ERK, and AKT was likely the result of the reduction in the expression of total PAK1, ERK, and AKT, since the ratios of phosphorylated to total proteins were not changed significantly between wild-type and Gas KO mice (data not shown). The expression of ␤-catenin in the colon of Gas KO mice was significantly reduced to 40% of the value for wildtype mice (Fig. 2, A and E) . The expression of c-Myc and cyclin D1, the downstream targets of activation of ␤-catenin, was decreased to a similar degree, although additional samples will be needed to reach statistical significance. These results indicate that the decreased proliferation in the colorectal mucosa in Gas KO mice is associated with downregulation of multiple signaling molecules, including PAK1, ERK, AKT, and ␤-catenin, and hence suggest that gastrins regulate colorectal proliferation via multiple signaling pathways.
Activation of ERK, AKT, and ␤-catenin is decreased in the colorectal mucosa of PAK1 KO mice. PAK1 is required for gastrin-stimulated activation of ␤-catenin (19) . PAK1 also activates both ERK and AKT in breast cancer and colorectal cancer cells (4, 24, 32, 35) . Therefore, PAK1 could mediate the stimulation of colorectal proliferation by gastrins via multiple signaling molecules, including ERK, AKT, and ␤-catenin. The decreased colorectal proliferation in Gas KO mice was associated with reduced activation of PAK1, ERK, AKT, and ␤-catenin. If PAK1 acts upstream of ERK, AKT, and ␤-catenin, a reduction in PAK1 activity would be expected to cause a reduction in the activation of ERK, AKT, and ␤-catenin. Fig. 1 . p-21-activated kinase 1 (PAK1) knockdown blocked gastrin-stimulated proliferation, migration, and activation of extracellular signal-regulated kinase (ERK) in colorectal cancer cells. The human colorectal cancer cell line DLD1 was transfected with PAK1 short-hairpin RNA (shRNA) to knockdown PAK1 protein expression as described in a previous report (24) . Both negative control (NC, transfected with a scrambled sequence) and PAK1 knockdown (PAK1 KD) cells were stimulated with or without amidated gastrin [Gamide (10 nM)] or glycine-extended gastrin [Ggly (10 nM)] for 24 h in 1% FBS (for proliferation and ERK activation) or 1% BSA (for migration). Cell proliferation (A) and migration (B) were measured by [ 3 H]thymidine incorporation and Boyden chamber assay, respectively (24) . The phosphorylated and active ERK (pERK) and total ERK (tERK) were measured by Western blot (C). Data are summarized from three independent experiments. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. Fig. 2 . Activation of PAK1, ERK, protein kinase B (AKT), and ␤-catenin was reduced in gastrin knockout (Gas KO) mice. Epithelial cells were isolated from the colorectal mucosa of both Gas KO and wild-type (WT) mice, and the activation of PAK1, ERK, AKT, and ␤-catenin was determined by Western blots as described in MATERIALS AND METHODS. Activation of PAK1, ERK, and AKT was measured by Western blotting for phosphorylated PAK1 (pPAK1), ERK (pERK), and AKT (pAKT). Activation of ␤-catenin was determined by measurement of the expression of ␤-catenin, c-Myc, and cyclin D. A: representative protein blots. tAKT, total AKT. B-E: data summarized from the blots of samples from 6 -8 WT or Gas KO mice. *P Ͻ 0.05 and **P Ͻ 0.01.
Indeed the activation of both ERK (phosphorylated ERK) and AKT (phosphorylated AKT) was significantly decreased in the colorectal mucosa of PAK1 KO mice when compared with their wild-type littermates (Fig. 3, A-C) . The ratio of phosphorylated ERK to total ERK was reduced in the colorectal mucosa of PAK1 KO mice (Fig. 3, A and B) , although there was an increment in the total amount of ERK possibly as compensation for the decreased activation of ERK. The decreased activation of AKT was the result of the reduced expression of total AKT, since the ratio of phosphorylated to total protein was not changed significantly between wild-type and PAK1 KO mice (data not shown). Similarly, the expression of ␤-catenin and c-Myc was also reduced significantly in the colorectal mucosa of PAK1 KO mice (Fig. 3, A and D) . These data indicate that PAK1 is required for the activation of multiple signaling molecules such as ERK, AKT, and ␤-catenin, all of which contribute to proliferation in the colorectal mucosa.
Proliferation of colorectal mucosa was reduced in PAK1 KO mice. Because PAK1 KO mice had significantly reduced activation of ERK, AKT, and ␤-catenin in the colorectal mucosa, proliferation in the colorectal mucosa was investigated. The colons and rectums were dissected from both wild-type and PAK1 KO mice (10 wk old), fixed, and stained as described in MATERIALS AND METHODS. Proliferation in the colorectal mucosa was determined by measurement of crypt height and by nuclear staining for the protein Ki67. The colonic crypt height in PAK1 KO mice was reduced to 75% of the value in wild-type littermates (Fig. 4A) . Cell proliferation, represented by Ki67 staining, in the colorectal mucosa of PAK1 KO mice was also decreased by ϳ25% compared with wild-type mice (Fig. 4B) . These results indicate that PAK1 KO reduced proliferation in the colorectal mucosa, most likely by suppressing the activation of ERK, AKT, and ␤-catenin.
Gastrins were increased in PAK1 KO mice. The observation that Gas KO mice had reduced expression and activation of PAK1 (Fig. 2, A and B) suggested that PAK1 was activated by gastrins. To determine the effect of PAK1 KO on gastrins, gastrin production in PAK1 KO mice was compared with wild-type littermates. The concentration of gastrin mRNA in the stomachs of PAK1 KO mice was 2.5-fold greater than in the stomachs of wild-type mice when measured by real-time Fig. 3 . Activation of ERK, AKT, and ␤-catenin was reduced in PAK1 knockout (PAK1 KO) mice. Epithelial cells were isolated from the colorectal mucosa of both PAK1 KO and WT mice, and activation of ERK, AKT, and ␤-catenin was determined by Western blotting for pERK and pAKT. Activation of ␤-catenin was determined by measurement of the expression of ␤-catenin and c-Myc. A: representative protein blots. B-D: summarized from the blots of samples of 6 -8 WT or PAK1 KO mice. *P Ͻ 0.05 and **P Ͻ 0.01. Fig. 4 . Proliferation in the colorectal mucosa was decreased in PAK1 KO mice. The colons from both WT and PAK1 KO mice were dissected, fixed, and stained as described in MATERIALS AND METHODS. Colonic crypts were visualized by hematoxylin and eosin staining, and the crypt height was measured under the microscope at 20 times magnification (A). Proliferation was determined as the ratio of Ki67-stained cells to the total cells counted per field under the microscope (B). Results are summarized from 6 -8 WT or PAK1 KO mice. *P Ͻ 0.05. (Fig. 5A) . The serum concentration of Gamide, the predominant regulated form of gastrin in serum, was significantly increased in both heterozygous (PAK1 ϩ/Ϫ ) and homozygous PAK1 KO mice at 5 and 10 wk of age compared with the value for wild-type littermates (Fig. 5B) . Hypergastrinemia was not the result of an increase in gastric pH, since the pH of the stomach contents from PAK1 KO mice was not significantly different from the value for their wild-type littermates (Fig. 5C ). These results indicate that downregulation of PAK1 was associated with an increase in gastrin expression and secretion.
PCR as described in MATERIALS AND METHODS
DISCUSSION
Gastrins play important roles in colorectal proliferation, which is decreased in gastrin KO mice (28) but increased in gastrin-overexpressing mice (27) . In this study, the mechanism of the regulation of colorectal proliferation by gastrins has been explored further. Gastrin-stimulated cell proliferation, migration, and ERK activation in the human colorectal cancer cell line DLD1 are blocked by PAK1 knockdown (Fig. 1) . The activities of PAK1, ERK, AKT, and ␤-catenin are decreased in the colorectal mucosa of gastrin KO mice, and PAK1 KO also reduces the activities of ERK, AKT, and ␤-catenin. These results suggest that PAK1 is activated by gastrins and acts upstream of ERK, AKT, and ␤-catenin in vivo.
PAK1 mediates the effects of many growth factors on cellular events. Prolactin promotes mammary cell proliferation by activation of cyclin D1 through PAK1-dependent mechanisms (38) . EGF stimulates the epithelial-mesenchymal transition in cancer cells by upregulation of PAK1 and other signaling molecules (21) . We have shown previously that PAK1 is activated by both Gamide and Ggly in gastric epithelial cells and that the activation of PAK1 is required for the stimulation by gastrins of cell proliferation and migration in vitro (19) . Here we have demonstrated that gastrin KO mice had reduced expression and activity of PAK1 in the colorectal mucosa, whereas loss of function of PAK1 in PAK1 KO mice decreased colorectal proliferation. The observation that deletion of the gastrin gene decreased activation of PAK1 in the colorectal mucosa of gastrin KO mice (Fig. 2) indicates that gastrins activate PAK1 in vivo. Activation is required for colorectal proliferation, since knockout of PAK1 reduced proliferation of colorectal mucosa (Fig. 4) . Thus we have identified for the first time a role for PAK1 in colorectal proliferation induced by gastrins in vivo. PAK1, which acts as an oncogene in breast cancer, has previously been reported to coordinately regulate multiple signaling pathways, including RAF-MEK-ERK, leading to malignant transformation (35) . PAK1-induced metastasis in gastric cancer involves activation of ERK and JUK (31) . In breast cancer PAK1 is also required for growth factor-stimulated phosphorylation and activation of AKT, which contributes to cell survival (34) . We have previously reported that PAK1 is required for gastrin-stimulated activation of ␤-catenin in vitro (19) and that inhibition of PAK1 by small-interfering RNA suppresses colorectal cancer cell growth by downregulation of the activities of ERK, AKT, and ␤-catenin signaling pathways (18, 24) . Taken together these in vitro findings indicate that PAK1, acting as a node, regulates the downstream activation of multiple signaling molecules, such as ERK, AKT, and ␤-catenin, leading to cell growth and survival. This conclusion is consistent with the in vivo findings reported here that PAK1 acts upstream of ERK, AKT, and ␤-catenin.
Activation of ERK, AKT, and ␤-catenin has been implicated in cell proliferation. In particular, the importance of the RAS- Fig. 5 . Gastrin production was increased in PAK1 KO mice. Gastrin mRNA from both WT and PAK1 KO stomach tissue was measured by real-time PCR (A). Gamide concentrations in the serum of WT, heterozygous (PAK1 het), and PAK1 KO mice were determined by radioimmunoassay (B). The pH of the stomach contents was measured in 16 WT and 11 PAK1 KO mice (C). Results (A and B) are summarized from 8 -10 animals/group. *P Ͻ 0.05 and **P Ͻ 0.01. Fig. 6 . PAK1 mediates gastrin-stimulated proliferation in the colorectal mucosa via multiple signaling molecules. Deletion of the gastrin gene resulted in a reduction in colorectal proliferation associated with decreased activation of PAK1, ERK, AKT, and ␤-catenin. Deletion of the PAK1 gene resulted in reduced colorectal proliferation associated with decreased activities of ERK, AKT, and ␤-catenin. PAK1 also negatively regulated gastrin production, since PAK1 KO mice had increased gastrin mRNA in the gastric mucosa and were hypergastrinemic. Together these results suggested that gastrins activate PAK1, which in turn enhances the activities of ERK, AKT, and ␤-catenin, and that the activation of these multiple signaling molecules contributes to proliferation in the colorectal mucosa.
RAF-MEK-ERK and PI3K-AKT pathways in the stimulation of cell growth by growth factors has been identified by many workers. Platelet-derived growth factor activates both ERKand AKT-dependent pathways in hepatocellular carcinoma, inducing cell proliferation and causing resistance to anti-cancer treatment (33) . The synergetic effects between ERK-and AKT-dependent pathways in colon cancer growth make it necessary to use a combination of inhibitors to suppress both signaling pathways simultaneously (42) . Similarly, the coactivation of both the RAS-RAF-MEK-ERK and PI3K-AKT pathways in other human cancers and proliferative diseases has profound effects on targeted therapies (10) . Activation of multiple signaling pathways, including ERK, AKT, and ␤-catenin, has been reported in colorectal (18, 24) and hepatocellular (43) carcinoma. PAK1 enhances colorectal cancer cell growth and metastasis by activation of ERK, AKT, and ␤-catenin (18, 24) . Gastrins, including Gamide and Ggly, promote cell growth through regulation of the activities of PAK1, ERK, AKT, and ␤-catenin (13, 17, 19, 22) . The fact reported here that, in both gastrin and PAK1 KO mice, decreased activation of ERK, AKT, and ␤-catenin in the colorectal mucosa was associated with reduced proliferation suggests that activation of ERK, AKT, and ␤-catenin is involved in colorectal proliferation in vivo. Taken together our data suggest that gastrins activate PAK1, which in turn enhances colorectal proliferation by regulating the activities of ERK, AKT, and ␤-catenin (Fig. 6) .
Deletion of the PAK1 gene in PAK1 KO mice stimulated gastrin production. Concentrations of both gastrin mRNA in the stomach (Fig. 5A) and Gamide in the serum (Fig. 5B) were significantly increased in PAK1 KO mice. The increase in gastrin production was not because of modulation of feedback inhibition by gastric acid, since the pH of the stomach contents of PAK1 KO mice was not significantly different from wildtype littermates (Fig. 5C ). The increased gastrin production in PAK1 KO mice suggests a feedback loop between PAK1 and gastrin production (Fig. 6 ), but further study will be needed to elucidate the mechanism involved. Regardless of the pathways involved, the observation that proliferation in the colorectal mucosa was reduced in PAK1 KO mice, even though the circulating concentration of Gamide was increased, indicates that loss of PAK1 function overrides the stimulation by gastrins of colorectal proliferation, and hence confirms that PAK1 is required for the stimulatory effects of gastrins.
In conclusion, both gastrin KO and PAK1 KO mice had decreased proliferation in the colorectal mucosa, and the decrease was associated with downregulation of ERK, AKT, and ␤-catenin. Activation of PAK1 was also decreased in gastrin KO mice. These results indicate that gastrins stimulate PAK1 activity, which in turn enhances the activation of ERK, AKT, and ␤-catenin, leading to increased proliferation of colorectal mucosa. Identification of the role of PAK1 in the proliferative effects of gastrins in the colorectal mucosa in vivo reveals that the interaction of PAK1 with gastrins is a normal physiological process and that PAK1 may act as a key mediator of the effects of gastrins in colorectal cancer progression. 
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